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A B S T R A C T   

Modern machining requires reduction in energy usage, surface roughness, and burr width to 
produce finished or near-finished parts. To ensure high surface quality in machining processes, it 
is crucial to minimize surface finish and minimize burr width, which are considered as significant 
parameters as specific cutting energy. The objective of this study was to identify the optimal 
machining parameters for milling in order to minimize surface roughness, burr width, and spe-
cific cutting energy. To achieve this, the research investigated the impact of feed per tooth, 
cutting speed, depth of cut, and number of inserts on the responses across three intervals using 
Taguchi L9 array. Observing the responses by varying these parameters, underlined the need for 
multi objective optimisation. Machining conditions of 0.14 mm/tooth fz, 350 m/min Vc and 2 mm 
ap using 1 cutting insert (exp no 9) was identified as the best machining run using grey relational 
analysis owing to its highest grey relational grade of 0.936. ANOVA examination identified 
cutting speed as the leading factor impacting the grey relational grade with 31.07 % contribution 
ratio, with the number of inserts, depth of cut, and feed per tooth also making notable contri-
butions. Conclusively, machining parameters identified through response surface optimisation 
resulted in 21.69 % improvement in surface finish, 11.39 % reduction in specific energy con-
sumption, and 6.2 % decrease in burr width on the down milling side albeit with an increase of 9 
% in burr width on the up-milling side.   

1. Introduction 

Milling is a widely and frequently used machining process which can produce a variety of shapes, reducing costs and increasing 
production rates. Factors affecting cost and production rate include tool wear, management cost, and the production of finished or 
close to finished parts [1–3] Variable machining parameters such as cutting width, depth and speed, tool material, number of cutting 
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teeth (inserts), type of lubricant [4,5], inserts geometry, feed rate, cutting tool path, and tool diameter [6,7] impact energy con-
sumption [8], surface roughness [9,10], tool wear [11], and burr formation [12]. 

Minimum cost and maximum production rate have been a goal since 1950 [13], and machining systems in terms of energy are 
usually less efficient [14–17], with reported inefficiency levels of as low as 30 % [18,19]. Currently, only 14 % of the energy consumed 
during milling is used for material removal [20]. The total energy consumption, efficiency, and specific energy consumption of a 
machining operation depend upon the cutting parameters [21]. Optimisation of the cutting tool, tool path, and machining parameters 
can improve sustainability by up to 40 % [22]. During a milling operation, the key factors affecting specific cutting energy and power 
consumption are tool diameter, number of cutting inserts, and material removal rate (MRR) [4,23]. MOO (MRR) in milling operations 
can be achieved with multiple cutting tools and parameters, but the prediction of specific energy consumption (SCE) relies on feed rate, 
depth (ap), width and speed of cut (Vc) [24]. Reports in the literature show that impact on energy consumption during a milling 
operation is mainly dependant on depth, width and Vc [25–31]. Energy expenditure can be reduced by selecting appropriate machining 
parameters, leading to lower manufacturing costs and a competitive advantage [32–35]. 

Surface finish is one of the key parameters of dimensional accuracy [36], and surface roughness (Ra) has a large impact on the 
mechanical properties such as tensile strength [37], fatigue life, and surface topography [38]. Geometric factors, workpiece material, 
and machine tool vibrations are the three primary influences on the surface finish of machined parts [39]. To attain the desired surface 
finish, it is crucial to use appropriate machining parameters, including the type of operation, feed rate, and cutting tool geometry. 
However, achieving the desired surface finish is subject to the machinability of the workpiece and the work material factor, which also 
need to be taken into account [40–43]. Decreasing feed per tooth (fz) and ap and increasing spindle speed and tool tip radius during the 
milling of SKD61 steel will result in improved surface finish [44]. Additionally, when dry milling aluminium alloy Al2041-T6, relief 
angles, concavity, Vc and feed rate were found to be significant factors affecting Ra [45]. Also, a considerable difference between 
surface quality of aluminium 6061-T6 under flood cooling and MQL conditions has been noticed [46]. It can thus be concluded that the 
selection of geometric factors such as feed rate, ap, width of cut, Vc and type of cutting operation can be used to optimize [10], improve 
[47–49] and predict [50,51] the surface finish of any machined part. 

Burr formation and its underlying mechanisms has been widely researched in relation to milling [47,52,53], drilling [14,54–56], 
and other machining operations on various materials [57,58]. Milling operations tend to produce burrs at the points of contact be-
tween the workpiece and cutters [59,60] with smaller burrs typically existing on the up-milling side [61,62]. This is due to the cutting 
velocity being higher on the up-milling side than on the down-milling side [63]. The lower intensity of burrs on the up-milling side is 
attributed to the frictional forces of the tool sliding alongside the burr and getting stuck on the mill’s flutes [64]. In a study of 
micro-milling titanium, it was found that fz was the most influential machining parameter when it came to affecting burr width while 
ap had a negligible contribution. Additionally, lower spindle speeds led to a decrease in burr width [52]. A study on Niomic 75 revealed 
that using an uncoated tool result in larger burrs than a coated tool [65]. An experimental study on milling aluminium Al 2124 
demonstrated that an increase in ap leads to larger burrs [66]. Kumar et al. [67] reported that burr formation is a complex process and 
depends on tool geometry, coatings, workpiece material properties, and cutting conditions. 

Recent advances in technique have enabled more energy-efficient production of near-finished parts, with optimised machining 
responses achievable through optimised machining parameters. Studies suggest that width of cut and ap have the greatest effect on 
SCE, while spindle speed has the most significant impact on production rate [68]. Optimisation of machining parameters and cutting 
tools has been demonstrated to reduce carbon footprints, while simultaneously minimising production time [69]. Utilizing Grey 
relational analysis (GRA), a study had successfully attained up to a 20.7 % reduction in SCE during the face milling of steel [70], and an 
archive-based micro-genetic algorithm had also been used to identify optimal solutions for reducing SCE and improving surface finish 
[44]. 

In an experimental study GRA had been employed to optimize various aspects of machining, including the cost of cutting tool 
components, energy utilization, tool wear, and surface finish [71]. For different machining conditions such as minimum quantity 
lubrication, dry, and flooded, bacteria foraging optimisation and particle swarm optimisation have been utilized to optimize Vc, ap, and 
fz with the aim of minimising tool wear [72]. Meanwhile, an analytical hierarchy approach and GRA showed that the interaction of 
cutting conditions has a greater effect on machining responses than individual parameters when machining difficult-to-cut alloys such 
as titanium [73]. Wet machining was found to deliver superior tool wear and surface quality compared to dry machining, although the 
latter yielded lower SCE due to thermal softening at higher temperatures. Cryogenic conditions are also useful for achieving preferable 
response parameters [74,75]. 

This research aims to optimize SCE, Ra, and burr size by varying Vc, ap, Z, and fz. To this end, a multi-objective function was being 
formulated with a focus on input parameters that have not yet been optimised. In addition, burr formation in macro-milling and the 
impact of the Z on responses has not been broadly reported in the literature. A trade-off between machining parameters and responses 
was established through multi-objective optimisation (MOO) utilizing GRA within this experimental study. 

2. Research motivation 

This research aims to optimize multiple response factors during milling operations, including Ra, SCE, and burr width on up (Bw up 

milling) and down milling (Bw down milling) sides of the workpiece. Sustainable machining can be achieved through this process, along with 
improved surface quality and dimensional accuracy, allowing to produce finished or near-finished parts with minimal deburring needs. 
However, research on burr formation in macro-milling is limited and the influence of the Z on Ra and SCE has not been extensively 
published to the best of author’s knowledge. It is evident that the identification of optimal machining parameters is crucial in achieving 
efficient and sustainable machining processes while maintaining high-quality surface finishes. 
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3. Materials and methods 

The details of material, apparatus, responses recorded in this study, and design of experiment used in this study are described in 
detail in the subsequent parts. 

Fig. 1. Experimental setup (a) Milling machine MV-1060 YDPM, (b) MT8530 optical microscope, MEIJI Techno Co., Saitama, Japan, LTD, (c) 
Roughness tester TIME ® 3110, (d) Yokogawa Cw240 power analyser, and (e) Power analyzer attachment to the machine. 
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3.1. Experimental material 

This research utilized the YDPM MV 1060 milling machine from YIDA Precision Machinery (shown in Fig. 1), Taiwan, featuring a 
table dimension of 1180 × 540 mm and a working area of 1060 × 620 mm, with a maximum load capacity of 1000 kg. The cutting tools 
included two 25 mm diameter variants: R390-025B25-11 M, accommodating three inserts at 120-degree intervals, and R390-025B25- 
11L, capable of mounting two inserts at 180-degree intervals. The inserts, R390-11 T3 02E-KM H13A from Sankvik, featured a 90-de-
gree principal edge angle, effective cutting-edge length of 10 mm, and a nose radius of 0.2 mm. The maximum admissible Vc of the 
insert was 1000 m/min, and the recommended fz range by the manufacturer was 0.08–0.18mm/tooth. According to published 
literature, tool wears due to the machining parameters [76] and this can affect energy consumption [77,78]. To prevent the re-
percussions of tool wear on energy expenditure, a fresh insert was used for each machining condition. The tool holder used was 
WALTER A170 M.063.080.25. These precision tools and inserts facilitated the exploration across various cutting scenarios, adhering 
strictly to manufacturer-prescribed machining parameters. 

Aluminium Al 6061-T6, which is among the most abundant element on earth [79] and commonly utilized in architecture, 
transportation, and food industry [80,81], was selected as the workpiece material. Notably, the aerospace industry often employs 
aluminium due to its impressive strength-to-weight ratio as well [82]. The chosen material for this study, aluminium Al 6061-T6, was 
selected with the aim of improving surface quality and reducing energy consumption during machining of this commonly used ma-
terial. Table 1 illustrates the chemical composition of Al 6061-T6 and Table 2 shows its mechanical properties. 

During machining, the phenomenon of aluminum adhering to the cutting insert, commonly known as built-up edge (BUE), poses a 
significant challenge [83,84]. This adherence results in tool blunting and increased energy consumption [71,85]. This issue was 
effectively mitigated by employing a fresh insert for each slot. Furthermore, specific cutting energy was precisely measured, with time 
tracking conducted in accordance with previous studies [34,86]. Additionally, burr width was meticulously measured through 
thorough microscopic examination, with the largest burr on any side of the slot considered a response variable, as per established 
methodology [87–89]. These challenges, inherent to machining processes, were successfully addressed, ensuring accurate measure-
ment and analysis in this study. 

3.2. Machining responses 

The experiment aimed to investigate Ra, SCE, and burr width on the up-milling (Bw up-milling) and down-milling (Bw down-milling) 
side of the workpiece as response parameters. The aluminium block, measuring 20 mm thick, 200 mm wide, and 400 mm long, served 
as the substrate for milling operations and subsequent measurements of surface roughness and burr width. Surface roughness 
assessment was conducted using the Times® 100 surface roughness tester (Fig. 1 (c)), featuring an RC analogue filter, 6 mm tracing 
length, and 1 mm/s scan speed. Prior to each measurement, meticulous cleaning of the slot was ensured through air pressure and 
alcohol. Ra measurements were taken at three points along each slot—beginning, middle, and end—and repeated thrice for accuracy. 
Burr width examination utilized the MEIJI Techno Co., LTD MT8530 metallurgical microscope (Fig. 1 (b)), equipped with an infinity 
corrected optical system with F-200 mm, an infinity tube lens with 200 mm focal length, and a vertical Köhler illuminator with a 12V 
50W halogen lamp, enabling measurements on both sides. 

Power consumption was monitored with the YOKOGAWA Model CW240 three-phase power analyser (Fig. 1 (d) and I (e)), capable 
of measurements at intervals of 0.1 s, connected to the machine’s power supply via current and voltage probes. SCE was calculated by 
dividing power consumption during cutting over MOO as already done by past researchers [34,91]. Equations (1) and (2) are used in 
calculating SCE. 

SCE=
Pcut

Material removal rate (V x F x D)
(1)  

Where, Pcut = Pactual – Pair (2) 
In the equations (1) and (2), Pair is the amount of power consumed during air cut when no material is being removed from the 

workpiece and there is no interaction between the workpiece and tool. However, the machine tool follows the programmed machining 
parameters. Pactual is the total amount of power consumption during actual cut, which includes power consumption in the whole 

Table 1 
Chemical composition of aluminium 6061-T6 (adopted from Ref. [90]).   

Al Mg Si Cu Fe Cr Mn Zn Ti 

% ~Bal 1.1 0.62 0.29 0.22 0.18 0.07 0.01 0.01  

Table 2 
Mechanical properties of aluminium 6061-T6 (adopted from Ref. [90]).  

Hardness (HV) Yield Strength (MPa) Tensile Strength (MPa) Elongation % 

101–108 250–260 280–300 12.0–14.0  

S.R. Zaidi et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e33726

5

machining process. Pcut is the difference between total power consumption during material removal and power consumption during air 
cut. In other words, Pcut can be regarded as actual power required for material removal only. It is pertinent to mention that total power 
consumption during machining is dependent on machine tool. Larger sized machines may consume greater amount of total power 
during material removal process while smaller sized machines may consume lesser amount of power. It is because about 14.8 % of the 
total energy during any machining process is consumed in material removal, remaining all the energy is consumed by other com-
ponents of the machine, like coolant flow, oil pressure pump cooler mist collector etc [92]. It has already been established that SCE is 
independent of machine tool [86] and hence SCE is used in this research as well. 

3.3. Experiment design 

In this research work ap, Vc, fz and Z were varied in 3 levels. The selection of varied machining parameters as variables in the study 
reflects their common variability in practical machining settings. The focus on these parameters is justified by their practical and 
frequent adjustments on the shop floor. Parameters including spindle speed and material removal rate are derived from these variables. 
Furthermore, all four machining parameters chosen as variables have been widely recognized in the literature as key influencers of the 
measured responses in the study, as evidenced by literature [45,68,89,93]. 

The experimental plan is presented in Table 3 fz and ap are within the recommended range of manufacturer of end mill cutter and 
inserts [94]. Taguchi L9 array (developed by Genichi Taguchi [95]) was employed for experiment design. This technique is reported to 
be one of the most efficient way to reduce number of experiments without compromising the results [96,97]. Each experiment was 
repeated thrice to minimize any errors in the results and mean value of the responses were used for analysis and calculations. 

Main effect plots of each measured machining responses are individually analysed first, and then for optimisation, grey relation 
analysis is employed to calculate the grey relation grade against each machining parameter. Grey relation grade (GRG) was obtained 
using equal weightage approach. Lastly, optimised model is validated for the obtained results. 

4. Results and discussion 

The results are categorized in two parts. First is the statistical analysis including main effects plot and analysis of variance. In the 
second step, multi objective optimisation is carried out using grey relational analysis. 

4.1. Analysis of response parameters 

The complete design of experiment along with the recorded responses is presented in Table 4. 
The effect of cutting parameters on the response parameters are expressed in the graphs as shown in Fig. 2. The recorded responses 

are plotted against each input parameter in the same graph for a comparative view. Each input was individually analysed. 

4.1.1. Effect of feed per tooth 
As depicted in Fig. 2 (a), it is observed that there is an increase in Ra with the increase in fz, which results in a compromise in surface 

finish. However, the increase in fz leads to a decrease in SCE and Bw down-milling. A similar trend of Ra concerning fz was also reported 
in previous studies during the milling of aluminium Al 6061-T6 [98]. However, Vc was varied in a very short range (i.e. 275 m/min to 
325 m/min) in the said research. Ra increases as the chip volume increase, which in turn depends on increase in fz and Z [99]. 
Additionally increase in fz also increases the cutting forces which compromises the surface quality [58]. The SCE reduces as the fz was 

Table 3 
Machining parameters and their levels used in this study.  

Levels ap (mm) Vc (m/min) fz (mm/tooth) Z 

1 1.0 100 0.10 1 
2 1.5 225 0.14 2 
3 2.0 350 0.18 3  

Table 4 
Taguchi L9 orthogonal array along with their measured responses.  

Exp # ap (mm) Vc (m/min) fz (mm/tooth) Z SCE (J/cm3) Ra (μm) Bw up-milling (μm) Bw down-milling (μm) 

1 1 100 0.1 1 1548.95 0.1316 329.6 331.6 
2 1 225 0.14 2 1241.52 0.1625 201.0 341.0 
3 1 350 0.18 3 1133.20 0.2733 177.6 308.3 
4 1.5 100 0.14 3 1307.29 0.2025 230.6 278.3 
5 1.5 225 0.18 1 1126.89 0.1158 268.1 313.3 
6 1.5 350 0.1 2 1224.39 0.1241 183.3 262.0 
7 2 100 0.18 2 1264.06 0.1158 179.6 281.0 
8 2 225 0.1 3 1195.62 0.1883 233.7 445.0 
9 2 350 0.14 1 1121.11 0.1208 181.0 232.6  
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increased. This is because the increase in fz also increases the MRR. Keeping in view equation (1), increase in MRR leads to lower value 
of SCE. Furthermore, increase in fz leads to sudden decrease in Bw up-milling and then slight increase in the said response. 

4.1.2. Effect of cutting speed 
Fig. 2 (b) demonstrate that Ra increased as Vc was increased over three intervals. However, SCE and burr width decreased on the up- 

milling side. On the down-milling side, burr width initially increased and then decreased with an increase in Vc. These results can be 

Fig. 2. Main effect plots of response parameters (a) effect of fz, (b) Vc, (c) ap, (d) Z.  
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attributed to a higher chip volume resulting in increased Ra and an increase in temperature due to higher Vc [100]. Compared to steel 
and other ferrous metals, aluminium has a lower melting point, resulting in faster material smearing with inserts during low-speed 
machining. This leads to a build-up of edge and increased Ra. Studies have already reported a similar pattern of Ra on steel [101, 
102]. Increasing the Vc amplifies the amount of cutting forces [103] and higher cutting forces are a contributing factor for increased Ra. 
Furthermore, an increase in Vc also leads to an increase in the vibration amplitude, resulting in higher Ra [104]. It is noteworthy that 
the surface finish can be improved during high-speed machining by increasing the Vc, while the surface quality can deteriorate in low 
or conventional speed ranges due to the formation of build-up edge (especially in metals with lower melting points). This is because 
increasing Vc reduces the time that the tool spends in contact with the workpiece, minimising the heat generated and the material 
deformation, which leads to a smoother surface. Specific cutting energy consumption is the key factor for industry [105], and there is 
an inverse relationship between SCE and Ra. 

Increase in Vc improves surface finish during high-speed machining, though this isn’t the case for low speed or conventional 
machining where build-up edge is formed [106] and there is an inverse relation between Specific Cutting Energy Consumption and Ra. 
Higher Vc have been found to lead to decreased specific cutting energy consumption through thermal softening and change of friction 
coefficient [107]. Burr width on the up-milling side decreases as Vc increases, but on the down milling side there can either be an 
increase or decrease with increased speed [89,108,109]. Published literature reveals that the relation between burr width and 
machining parameters is inconsistent, as burr width undergoes dramatic changes with the alteration of workpiece or tool material, as 
well as other machining parameters. 

4.1.3. Effect of depth of cut 
Considering Fig. 2 (c) Ra, specific cutting energy, and burr width on up-mill side is observed to reduce with the increase in ap. 

During the experiment, Bw down-milling side decreased in size before increasing with the deepening ap. It is important to note that the 
ap is the only machining parameter which affects both the SCE and the Ra in an identical way. Increasing the ap resulted in a decrease in 
SCE and cutting forces, leading to a better surface finish in this experiment [76]. Low cutting forces meant less elastoplastic defor-
mation, resulting in an improved surface quality [85]. As process parameters increased, so did temperature which resulted in a softer 
material and lower specific cutting energy [10,31,44]. When machining ductile materials, a higher ap produces lower tensile stress on 
the chips that are about to detach from the work piece, resulting in the production of smaller burrs at deeper ap [110]. A rise in ap also 
contributes to larger burrs and higher cutting forces, which are both contributing in larger burr size [58]. 

4.1.4. Effect of number of inserts 
Main effect plots shown in Fig. 2 (d) depicts that lesser Z leads to better surface finish and lesser Bw down-milling side in contrast to 

specific cutting energy for which using greater Z lowers specific cutting energy consumption. However, in case of burr width on up- 
milling side maximum burr width is noted when one insert was used, then there is a decrease in burr width when two inserts were used 
and then subsequently burr width again surges when three inserts were used. The effect of Z on response parameters used in this study 
has not been extensively reported in the literature. Z are reported to be one of the significant machining parameter in affecting Ra, and 
surface quality can be increased by reducing Z during milling [111]. It has been published in the literature that adding more inserts and 
cutting edges while machining titanium alloy, increases the number of passes [99] and vibrations on the workpiece, leading to an 
higher Ra [112]. When machining parameters are set to higher values, the machining efficiency is improved, and SCE is reduced [113]. 
The ploughing effect is more noticeable at a higher Z and Vc, resulting in larger burr sizes [52,110]. 

It is essential to emphasize that the limited literature available on burr formation during macro milling suggests that there is no 
consistent behaviour in forecasting burr size [60,64,89,114]. Previous studies have found similar findings of larger burrs on the down 
milling side [57,93,115], which can be attributed to the fact that materials tend to deform in the direction of the force, leading to 
smaller burrs [63]. Additionally, higher velocities of localized cutting edges also produce smaller burrs. 

4.1.5. Validation of best and worst machining parameters based on main effect plots 
In this study the machining responses, Ra, SCE, Bw down-milling and Bw Up milling are based on smaller the better model. Best and worst 

machining conditions were noted from Fig. 2 and presented in Table 5. 
Best surface finish was noted at minimum fz, Vc, Z and maximum ap. Lowest SCE was recorded at highest values of machining 

parameters. Lowest burr width was noted on intermediate level of fz and ap, along with minimum Vc and least Z. Least Bw Up milling was 
recorded at intermediate level of fz and using 2 inserts along with maximum Vc and ap. 

Table 5 
Identified machining parameters for best and worst response.  

Input Parameters Responses 

Ra (μm) SCE (J/cm3) Bw Up-Milling side (μm) BW Up-Milling side (μm) 

Best Worst Best Worst Best Worst Best Worst 

Fz (mm/tooth) 0.1 0.18 0.18 0.1 0.14 0.1 0.14 0.1 
Vc (m/min) 100 350 350 100 350 100 350 225 
ap (mm) 2 1 2 1 2 1 1.5 1 
Z 1 3 3 1 2 1 1 3  
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4.2. Grey relation analysis for multi objective optimisation 

In machining process, the response variables like Ra, burr size, energy consumption and tool wear depend on the machining pa-
rameters. Obtaining the lowest levels of surface finish, specific cutting energy, and burr width at the same time does not seems to be 
realistic. For instance, the main effect plot in Fig. 2 shows that decreasing fz and number of cutting inserts will lead to better surface 
finish but at the same time will also lead to higher energy consumption and larger burr width. So, MOO is very helpful to set a trade-off 
between machining responses and to determine most optimised machining parameters. 

4.2.1. Need for multi objective optimisation 
Grey relation analysis is employed for optimisation of machining parameters, which is also used by previous researchers for 

optimisation of machining parameters [4,73,116]. Grey relation analysis based on Taguchi design of experiment produces a grey 
relation grade which is a single unique function. This single unique function helps in establishing the rank of machining parameters 
and can determine the order or hierarchy of optimised combinations of machining parameters [117,118]. RSM was preferred over 
other techniques like ANN for optimisation due to its established systematic approach [119–122] and interpretability in understanding 
the relationship between process variables and responses, aligning with the study’s specific needs and constraints. Keeping in view the 
published literature some necessary steps performed for grey relation analysis are described below [4,73,123]. 

4.2.2. Data processing 
The first step in grey relation analysis is normalizing all the machining responses on a scale of 0–1. This step is objective based and is 

performed keeping in view the desired outcome of machining responses. For instance, the objective during normalization of some of 
the machining responses like Ra, burr size, energy consumption and tool wear should be smaller the better. However, the objective 
during normalization of machining responses like MOO should be higher the better. In this research the aim is to minimize the recorded 
machining responses (Ra, SCE, burr size) hence equation (3) is used for normalization [123]. 

Zij=
max (yij, i = 1, 2,…..n) − yij

max (yij, i = 1, 2,….n) − min (yij, i = 1, 2,….n)
(3)  

Here j = 1, 2, …m and i = 1, 2, …n where m is the number of responses studied and index n is the count of experimental data 
parameters. 

4.2.3. Grey relation coefficient (GRC) calculation 
After normalization of the values on a scale of 0–1, grey relation coefficients are calculated using equation (4) [4,124]. 

γ(Z0,Zij)=
Δmin + ξΔmax
Δoj(k) + ξΔmax

(4)  

Here the value of γ (Zo, Zij) is less than or equal to 1 but greater than 0. Zij(k) and Zo(k) are the comparability and reference sequences, 
respectively, where Zo(k) = 1, k = 1 … m. Equation (5) is used to calculate the deviation sequence [4,70]. 

Δoj(k)= |Zo(k) − Zij(k)
⃒
⃒ (5) 

Δmax and Δmin corresponds to the largest and smallest values of Δoj (k). The distinguishing coefficient ξ is kept equal to 0.5 if all 
parameters have same weightage, otherwise the distinguishing coefficient ranges between 0 and 1 depending upon the weightage of 
machining parameters. The Grey relation coefficient for each measured response, grade and rank of each experiment is presented in 
Table 6. 

4.2.4. Grey relation grade (GRG) calculation 
The varying multiple objectives, in this step are converted to single grey relation grade (GRG). By maximizing the GRG, optimum 

results can be attained. Equation (6) is used to calculate the GRG [73]. 

Table 6 
Grey relation coefficient for each measure machining response, grey relation grade and rank of each machining parameter.  

Machining Parameters Grey Relation Coefficients GRG Rank 

Exp. No. fz (mm/tooth) Vc (m/min) ap (mm) Z Ra SCE BwUp milling BwDown milling 

1 0.1 100 1 1 0.83 0.33 0.33 0.51 0.507 9 
2 0.14 225 1 2 0.62 0.63 0.76 0.49 0.631 6 
3 0.18 350 1 3 0.33 0.94 1 0.58 0.688 5 
4 0.14 100 1.5 3 0.47 0.53 0.58 0.69 0.567 7 
5 0.18 225 1.5 1 1 0.97 0.45 0.56 0.730 4 
6 0.1 350 1.5 2 0.90 0.67 0.93 0.78 0.803 2 
7 0.18 100 2 2 0.99 0.59 0.97 0.68 0.785 3 
8 0.1 225 2 3 0.52 0.74 0.57 0.33 0.532 8 
9 0.14 350 2 1 0.94 1 0.95 1 0.936 1  
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Grade (Z0,Zij)=
∑n

r=1
ωrγ

(
Z0,Zij

)
(6)  

Where ωr is the weight of rth objective. Usually, weight is assigned by prescribed policy or customers requirement. For instance, if the 
customer requirement is finished or near finished part and energy consumption is not the point of interest then the weightage for burr 
size and Ra may be kept greater than the weightage assigned to SCE. However, in this research equal weightage is assigned to all the 
machining parameters. This approach of equal weightage is used by previous researchers as well [125–127]. The equation (6) can be 
transformed to equation (7) after assigning equal weightage. 

GRG=0.25GRCSCE + 0.25GRCRa + 0.25GRCBw upmill + 0.25GRCBw downmill (7)  

Where GRCSCE, GRCRa, GRCBw upmill, and GRCBw downmill corresponds to grey relation coefficient of specific cutting energy, grey relation 
coefficient of average Ra, grey relation coefficient of Bw Up milling and grey relation coefficient of Bw down-milling side respectively. 

Experiment 9, with parameters of (Vc = 350 m/min, fz = 0.14mm/tooth, Z = 1, and ap = 2 mm) and a Rank of 1, had the highest 
Grey Relation Grade value according to Table 6. Least grey relation grade was observed for experiment 1 corresponding to parameters 
(fz = 0.1mm/tooth, Vc = 100 m/min, ap = 1 mm and Z = 1) and rank 9. Using Table 6 regression equations were obtained by employing 
response surface analysis. 

4.3. Regression modelling of multi objective function 

A comprehensive regression analysis was carried out which comprises regression analysis and optimisation as well. Through 
ANOVA, the significance and contribution rate of each machining parameter was evaluated. Then confirmatory experiments were 
conducted twice for the most optimised machining parameters for validation. Step wise regression analysis, analysis of variance and 
optimisation is discussed in detail below. 

Response surface method was employed for optimisation of regression model. In this research 3 machining parameters (Vc, ap and 
fz) were considered as continuous predictors and Z was considered as categorical predictor. Three separate functions each of Z = 1, 2 
and 3 were obtained. These equations are shown in equation (8), equation (9) and equation (10) for Z = 1, 2, and 3 respectively. 

Fig. 3. Surface plots of GRG vs machining parameters (a) Z = 1 (b) Z = 2 (c) Z = 3.  
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GRG
(
fz,Vc, d,Z

)
= − 0.252+ 8.03fz − 0.001643Vc +0.379d − 23.3fz ∗ fz + 0.000005Vc ∗ Vc − 0.0789d ∗ d (8)  

GRG (fz,Vc, d,Z)= − 0.237 + 8.03fz − 0.001643Vc + 0.379d − 23.3fz ∗ fz + 0.000005Vc ∗ Vc − 0.0789d ∗ d (9)  

GRG (fz,Vc, d,Z)= − 0.381 + 8.03fz − 0.001643Vc + 0.379d − 23.3fz ∗ fz + 0.000005Vc ∗ Vc − 0.0789d ∗ d (10) 

Fig. 3 (a), (b), and (c) shows the surface plots of GRG corresponding to machining parameters when Z = 1, 2 and 3 respectively, 
while holding the value of fz at 0.14mm/tooth. It can be observed from the graphs that maximum values of ap and Vc while using any Z 
yields highest GRG. 

Contour plots of machining responses corresponding to GRG are shown in Fig. 4 (a) to (i). Each plot depicts the achievable highest 
and lowest GRG against 2 machining parameters while holding the other two machining parameters at fixed values. 

4.3.1. Analysis of variance 
Table 7 displays the ANOVA results of the regression analysis. It can be observed that Vc has the highest contribution ratio, followed 

by the Z, ap, and fz. Furthermore, all of the machining parameters utilized in this experimental study are significant based on their 

Fig. 4. Contour plots of machining responses VS GRG (a) Vc Vs fz at Z = 1, (b) Vc Vs fz at Z = 2, (c) Vc Vs fz at Z = 3, (d) Vc Vs ap at Z = 1, (e) Vc Vs ap 
at Z = 2, (f) Vc Vs ap at Z = 3, (g) ap, Vc, fz at Z = 1, (h) Vc Vs fz at Z = 2, and (i) Vc Vs fz at Z = 3. 
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respective P-values. 

4.3.2. Regression model optimisation 
Suitable machining parameters for optimised responses or outputs were computed using response surface method. The optimised 

regression model with maximum achievable grey relation grade was also experimentally validated and the result is presented in Fig. 4. 
Fig. 5 shows the comparison between calculated GRG from regression model and GRG obtained experimentally. It is evident from the 
figure that the predicted GRG from the equations (8)–(10) is very close to the GRG calculated. 

4.3.3. Validation experiments 
The machining parameters that were optimised through RSM and the best run conditions of the initial experiments (experiment #9) 

are shown in Table 8. Upon validation, these conditions revealed a considerable improvement in the results. Ra, SCE, and Bw down-milling 
were reduced by 21.69 %, 11.39 %, and 6.2 % respectively, while Bw Up milling was increased by 9 %. 

Fig. 6 shows the surface optimisation of GRG. The optimised values of machining parameters can be observed from the figure i.e., fz 
= 0.1725mm/tooth, Vc = 350 m/min, ap = 2 mm, and Z = 2. These values of machining parameters were used in experimental 
validation of optimised results. The burr width found on up and down milling side of the optimised machine parameters is presented in 
Fig. 7 (a) and (b) respectively. 

Such an analysis of optimised machining parameters allows for an efficient and sustainable approach to manufacturing, while 
providing an opportunity to minimize energy costs and produce near-finished parts with minimal deburring requirements. 

5. Conclusion 

The present research focused on optimisation of machining responses under varying machining conditions. GRA was used for 
optimisation. The experimental results showed interesting conclusions and leads towards better production rates along with 

Table 7 
ANOVA test on GRG.  

Analysis of Variance 

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value 
Regression 5 0.43041 82.62 % 0.43041 0.086081 19.97 0 
fz (mm/tooth) 1 0.0652 12.52 % 0.0652 0.0652 15.13 0.001 
Vc (m/min) 1 0.16183 31.07 % 0.16183 0.161831 37.55 0 
ap (mm) 1 0.09134 17.54 % 0.09134 0.091344 21.19 0 
Z 2 0.11203 21.51 % 0.11203 0.056015 13 0 
Error 21 0.09051 17.38 % 0.09051 0.00431   
Lack-of-Fit 3 0.05242 10.06 % 0.05242 0.017472 8.25 0.001 
Pure Error 18 0.0381 7.31 % 0.0381 0.002117   
Total 26 0.52092 100.00 %      

Fig. 5. Comparison between Calculated GRG from regression model and GRG obtained experimentally.  

Table 8 
Optimisation comparison between the best experimental run and the optimised run.   

Machining Conditions Responses 

Vc Fz ap Z Ra SCE Bw Up milling Bw down-milling 

Best Run 350 0.1400 2 1 0.1208 1121.11 181.0 232.6 
Optimised Run 350 0.1725 2 2 0.0946 993.42 197.3 218.0  
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improvement in surface quality and leads towards sustainable machining in terms of SCE. Few prominent conclusions that can be 
drawn from the present research are discussed below.  

1. fz is identified as a vital machining input decreasing SCE at higher fz values improving process sustainability as well as reducing 
Bw down-milling side. On the contrary, higher Ra is resulted at higher fz values.  

2. SCE and Bw Up milling were found to improve in elevated Vc region. Surface integrity was adversely affected at Vc values.  
3. ap is observed as the only machining parameter having identical effects on Ra, SCE and Bw Up milling i.e., increase in ap reduces 

these responses.  
4. Best surface finish was observed while using one cutting insert, whereas minimum SCE was observed while using three inserts. 

Increasing Z reduces the SCE however, it compromises the surface finish due to ploughing effect and increasing number of 
passes on the workpiece.  

5. Machining conditions of 0.14 mm/tooth fz, 350 m/min Vc and 2 mm ap using 1 cutting insert (exp no 9) was identified as the 
best machining run using grey relational analysis owing to its highest grey relational grade of 0.936. 

Fig. 6. GRG response surface optimisation.  

Fig. 7. (a) Bw Up milling noted during optimised run, (b) Bw down-milling noted during optimised run.  
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6. Analysis of variance results revealed that Vc has the major effect on grey relational grade having a contribution ratio of 31.07 %, 
followed by Z (21.51 %), ap (17.54 %) and fz (12.52 %).  

7. Regression modelling of formulated grey relational grades functions (separate for each no of inserts) highlighted function of 3 
cutting inserts to have a positive intercept gain of 50 % and 60 % as compared to the 1 and 2 cutting insert functions, 
respectively.  

8. Validation of optimised machining parameters, identified using response surface methodology, significantly improved the 
surface quality while reducing energy consumption. It was revealed that using the optimised machining parameters improved 
surface finish by 21.7 %, SCE by 11.39 % and Bw down-milling by 6.2 %. However, Bw Up milling was increased by 9 %.  

9. Based on this experimental study it can be concluded that machining responses can be improved, predicted and optimised. 
However, the response of burr width is observed to be inconsistent and non-predictable. The only consistent observation 
regarding burr width is observed to be smaller Bw Up milling as compared to Bw down-milling.  

10. In this experimental study, it is also concluded that achieving sustainability in energy and economy is feasible through the 
implementation of appropriate machining parameters. However, it’s crucial to acknowledge that not all four measured re-
sponses may meet desired levels. Nevertheless, employing optimisation techniques can offer a solution by enabling a trade-off 
among machining parameters. By utilizing optimised machining parameters, manufacturing industries can reduce costs and 
contribute to sustainable manufacturing practices. This approach also provides a competitive advantage in terms of production 
rate, surface quality, and energy efficiency. 
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